Eight viruses of the Corriparta serogroup (Reoviridae: Orbivirus) that were known to be heterogeneous on the basis of serology and polyacrylamide gel electrophoresis were examined by reciprocal RNA-RNA blot hybridization of genomic RNA. Conserved and variant genes were identified by the degree of hybridization between cognate genes of different isolates. The eight viruses were divided into three subsets on
INTRODUCTION
The Corriparta viruses belong to the genus Orbivirus of the family Reoviridae (Matthews, 1982) and constitute one of the 13 recognized serogroups within the genus. The genomes of orbiviruses are composed of 10 to 12 dsRNA segments, like other members of the family Reoviridae. However, orbiviruses exhibit physicochemical, morphological and biological characteristics which distinguish them from viruses in other Reoviridae genera Murphy et al., 1971; Gorman & Taylor, 1985) . Members of the genus Orbivirus are subdivided into serogroups based on cross reactivity in complement fixation (CF), immunofluorescence and agar gel diffusion tests. Within a serogroup, serotypes are recognized by distinct serological reactivities in neutralization tests.
The isolations of Corriparta and related viruses have been widely distributed in time and locality. Corriparta virus, the prototype of the Corriparta serogroup, was isolated in 1960 from Culex annulirostris mosquitoes in North Queensland, Australia (Doherty et al., 1963) . Serologically related viruses have been isolated from Culex species in Australia, Africa and South America. Additional isolations of related viruses have been made from Aedeomyia catasticta mosquitoes in the Ord River valley of western Australia (Liehne et al., 1976) . The structural and chemical properties of Corriparta virus have been described (Carley & Standfast, 1969; Borden et al., 1971; Gorman, 1978) , and the ability of the virus to replicate in different vertebrate and invertebrate cell lines and in laboratory infected mosquitoes has been reported (Carley & Standfast, 1969; Stim, 1969; Carley et at., 1973; Tesh, 1980) . Neutralizing antibody to Corriparta virus has been found in wild birds (Whitehead et al., 1968) , domestic birds, marsupials, cattle, horses (Doherty et al., 1970) and man (Doherty, 1967; Doherty et al., 1970 * Not yet assigned a virus name.
However, the virus has been isolated only once from a vertebrate (Whitehead et al., 1968) . Thus, the role that vertebrates play in the life cycle or natural selection of these viruses remains to be elucidated. Corriparta serogroup isolates have been grouped by CF tests (Berge, 1975 ; Karabatsos, 1985; Standfast et al., 1984) . Corriparta, Acado, Jacareacanga and Be Ar 263191 appear to be distinct serotypes on the basis of mouse serum neutralization tests (Berge, 1975; Karabatsos, 1985) . The taxonomic status of the Corriparta serogroup isolates has not been resolved because the other viruses of the group have not been examined in neutralization tests.
Alternative means of assessing the relatedness of orbiviruses have been used because serological data may only reflect the degree of relatedness of one or two gene products. The ability of viruses to reassort genes , solution hybridization of plusstranded RNA (Huismans & Howell, 1973) and RNA-RNA blot hybridization (Bodkin & Knudson, 1985 are examples of the approaches that have been employed. In this study, eight Corriparta serogroup isolates were examined by polyacrylamide and agarose gel electrophoresis and by RNA-RNA blot hybridization of gel-transfer images to determine the extent of genetic relatedness by genomic segment among these isolates.
METHODS
Cell cultures and viruses. BHK-21 cells were grown at 37 °C in MEM Glasgow modification (Gibco) as described by Bodkin & Knudson (1985a) . The virus isolates used in this study are listed in Table I . Viral stocks were prepared from infected BHK-21 cells incubated at 37°C as described previously (Bodkin & Knudson, 1985a) .
Preparation ofpCp-labelled dsRNA probes. Tissue culture flasks (150 cm 2) of BHK-21 cells were infected with virus and incubated at 32 °C. The infected cells were harvested at 3+ to 4+ c.p.e., and the virus was extracted using methods described elsewhere (Ramig et al., 1977; K nudson, 1981) . Viral dsRNA was extracted following methods described previously (Galliard & Joklik, 1982; Bodkin & Knudson, 1985b) . Precipitated RNA was washed with 1 ml cold 95 ~ ethanol and dried in vacuo. The dried pellets were resuspended in distilled water and a sample was electrophoresed in an agarose gel to assess its concentration and purity.
The dsRNA was electrophoresed through a 0.83 ~ low-melting-point agarose gel (Sea Plaque, Marine Colloids, Rockland, Me., U.S.A.) for 1 to 2 h at 20 V and extracted with phenol from the agarose gel (Bodkin & Knudson, 1985 a) . The final concentration of dsRNA was determined spectrophotometrically, and the dsRNA was stored at -20 °C until used in isotopic labelling.
One microgram of dsRNA was 3' end-labelled with 40 gCi of [5'-32p]pCp (Knudson, 1981) . The labelling reaction was carried out for 4 h at 4°C. The RNA was extracted with phenol, precipitated three times to remove unincorporated label and the final pellet was suspended in 200 ~tl 0-1 x SSC. The specific activities of the probes ranged from 5 x 105 to 5 x 10 ~ c.p.m./vtg. A sample of each probe was electrophoresed in a polyacrylamide gel to confirm that the segments were uniformly labelled. The gels were soaked in 7 ~ acetic acid containing 1 ~ glycerol, dried onto filter paper and exposed to X-ray film. The probe was denatured at 95 °C for 5 min and quenched on ice prior to blot hybridization.
Preparation of dsRNA for gel electrophoresis. The dsRNA was extracted from infected cells as described previously (Travassos da Rosa et al., 1984) . DsRNA from each isolate was electrophoresed through a 10% polyacrylamide gel for 20 h at 20 mA using the Laemmli discontinuous system (Laemmli, 1970) as described previously (Bodkin and Knudson, 1985 a, b) . Gels were stained with ethidium bromide (0.5 lag/ml) before transfer to Zeta-Probe membranes (Bio-Rad).
Agarose gels containing pCp-labelled dsRNA were dried onto filter paper prior to exposure to film as described by Bodkin & Knudson (1985a) .
RNA-RNA blot hybridization. Genome segments were transferred electrophoretically from polyacrylamide gels to Zeta-Probe membranes as described by Bodkin & Knudson (1985b) . Blots were prehybridized overnight at 42 °C, the probe was added and the hybridization took place overnight at 52 °C (Bodkin & Knudson, 1985a) . The blots were washed three times for 20 min at 38 °C in 0.1 x SSC, 0.1 ~ SDS (w/v) at an equivalent effective temperature of hybridization. Assuming a (G+C) content of 44% similar to that of reovirus, the calculated effective temperature of RNA-RNA hybridization under these conditions was Tm-36 (Bodkin & Knudson, 1985a) . Sequences which share >~74% homology form stable hybrids under these conditions. This level of stringency eliminates non-specific hybridization, yet allows closely related viruses to be grouped. The membrane was exposed to Kodak X-Omat AR film for 4 days using a DuPont Cronex intensifying screen. Probes were removed from membrane-bound RNA by washing the membrane three times for 30 min at 95 °C in 0-1 x SSC, 0.1 ~ SDS (Bodkin & Knudson, 1985 b) and the membranes were used in other hybridization experiments.
Since the dsRNA segments are uniformly labelled by the pCp reaction (Knudson, 1981) , the hybridization signals directly correspond to the degree of sequence homology between the probe genes and their cognates in the remaining isolates. Therefore, the degree of relatedness between pairs of isolates can be inferred by comparing signal intensities within and between lanes on blots probed with homologous and heterologous RNA.
RESULTS AND DISCUSSION
When the dsRNA genomes of the Corriparta serogroup viruses were electrophoresed in a polyacrylamide gel (Fig. 1) , each of the eight viruses exhibited a distinctive profile. The profiles were unlike those of other orbiviruses (Gorman et al., 1977; 1978; Knudson et al., 1982 Knudson et al., , 1984 Travassos da Rosa et al., 1984;  S. E. Brown & D. L. Knudson, unpublished data). None of the 10 genes exhibited the same mobility in all of the isolates. Since mobility in a polyacrylamide gel is influenced by secondary structure as well as by size and charge, this variation suggested that there was sequence heterogeneity between cognate genes and that the heterogeneity occurred in all l0 genes.
Members of Orbivirus serogroups have been shown to exhibit similar RNA profiles in agarose gels under either non-denaturing or denaturing conditions (Bodkin & Knudson, 1985a Knudson, unpublished results) . The classification of the eight isolates as serogroup members was supported by their similar agarose gel profiles (Fig. 2) . Thus, the segment tool. wt. for any Corriparta isolate was the same as that of its cognate in the other isolates, and the heterogeneity in the polyacrylamide dsRNA profiles was a result of differences in RNA sequence rather than mol. wt. Polyacrylamide gel electrophoresis was used to prepare the blots because the identity of the different isolates was confirmed by its unique profile, and because the relative amounts of dsRNA in each blot could be estimated by examining the stained polyacrylamide gel.
The reciprocal blot hybridizations demonstrated that the degree of hybridization between cognate genes depended on the probe used ( Fig. 3 and 4) . For example, most of the genes were conserved among the three CSIRO isolates (Fig. 3b) , whereas most of the genes were variant between Corriparta and Jacareacanga or Acado (Fig. 4a) . Although the signals varied in intensity, all l0 segments were detectable in heterologous lanes indicating that there was/> 74 sequence homology between cognate genes of all isolates.
Two types of hybridization signal were apparent. Dark signals indicated that genes were conserved between isolates and light signals indicated that they were variant between isolates. The light signals exhibited by variant genes suggest that their shared sequence homology may approach the lower limit (74~) required for the formation of stable hybrids. The autoradiograms were scored following the convention of Bodkin & Knudson (1986) . Isolates were divided into subsets on the basis of weak cross-hybridization in reciprocal hybridizations. Cognate genes that cross-hybridized weakly in reciprocal hybridizations between isolates within a subset were considered variants. The results of these reciprocal blot hybridization experiments were in contrast to a study of the Palyam serogroup viruses (Bodkin & Knudson, 1986) , in which the majority of the segments are highly conserved between all isolates. They also exhibited genes that did not hybridize. These variant Palyam genes (segment 2) apparently shared < 7 4~ sequence homology, and were unique for a given isolate. Palyam gene 2 was correlated with the gene encoding the major neutralization antigen because isolates which do not hybridize in gene 2 were distinguishable in neutralization tests. Whereas the Palyam viruses are highly related in all but two genes, there were different degrees of relatedness among the Corriparta isolates. These hybridization results were used to produce a conservative estimate of the genetic relatedness of the Corriparta serogroup viruses (Table 2) .
Corriparta and related viruses
The four Australian isolates, Corriparta, CSIRO 76, CSIRO 109 and CSIRO 134, emerged as a subset of related viruses within the Corriparta serogroup (Fig. 3 ). The prototype, Corriparta, was not as closely related to the three CSIRO isolates as the three were to each other. A comparison of hybridization signals within the lanes indicated that genes 1, 2, 3, 6 and 10 were variant within the subset, with two variants of genes 1, 2 and 6 and with three variants of genes 3 and 10. The remaining genes were conserved among these isolates (Table 2) . * The estimates of genetic relatedness were made following the convention of Bodkin & Knudson (1985 ). Cognate genes of isolates within a subset were considered to be variant when they cross-hybridized weakly in reciprocal hybridizations; these are indicated by a lower case abbreviation of the name of an isolate. In cases where variant genes of two or more viruses cross-hybridized strongly within a subset (see text for discussion), the genes were arbitrarily assigned the designation of one of the viruses involved. For example, bssg represents Bambari subset gene and cssg represents Corriparta subset gene. No genes were identified as either serogroup genes (genes that hybridize strongly in all isolates) or unique genes (those which do not hybridize to cognate genes of heterologous isolates).
? Not yet assigned a virus name.
Bambari and related viruses
Bambari, Jacareacanga and Be Ar 263191 formed a second subset of related isolates (Fig. 4a  to c) . The results were not as clear as those of the Corriparta subset hybridizations due to variability in the amount of dsRNA in each lane. When Jacareacanga was used as a probe (Fig.  4b) , it did not cross-hybridize strongly to any heterologous lane. However, Bambari (Fig. 4a) and Be Ar 263191 (Fig. 4c) cross-hybridized strongly to Jacareacanga when they were used as probes. Therefore, these three were included in the same subset. Unlike that of the Australian isolates gene 9 varied within this subset, as did segments 1, 2, 3, 6 and 10. The Brazilian isolates, Jacareacanga and Be Ar 263191, appeared to be more closely related to each other than to Bambari (Table 2) .
Acado virus
Acado, the remaining isolate, was distantly related to the other viruses. It did not crosshybridize strongly to any other isolate when used as a probe (Fig. 4d) , nor did any isolate crosshybridize strongly to Acado in reciprocal hybridizations. This virus was considered to be the only known member of a third subset of Corriparta serogroup viruses (Table 2) .
Genetic relatedness
The geographical origin of the isolate was a predictor of relatedness. One exception was Bambari, which was isolated in the Central African Republic in 1971. Bambari appeared to be more closely related to the Brazilian isolates than to Acado, which was isolated in Ethiopia in 1963. Although the four Australian isolates represented a related subset, the three CSIRO isolates are more closely related to each other than to Corriparta virus. Since the isolation of Corriparta virus pre-dates the CSIRO isolates by 15 years, this finding may not be surprising. It may also suggest that there has been genetic drift in the Corriparta subset of viruses. Whereas three subsets of related viruses within the Corriparta serogroup may be recognized and correlated with geography, the subsets are also related as shown by these cross-hybridization data.
Several hypotheses may be constructed to explain why genetically related viruses may occur in distant localities. For example, transportation may introduce viruses to new areas through the movement of infected vectors or host vertebrates. If a suitable vector species exists in the new area, a virus may become established far outside its original known distribution. Secondly, viruses within a geographical region may diverge through isolation by biological factors, such as different host species. Thirdly, the existing set of isolates only represents a subset of the viruses currently circulating within a given area. Thus, the isolations that have been made do not reflect the full extent of the viral gene pool present in a locality. Clearly, the relative importance of geographical origin and time of isolation will be better understood as more members of a serogroup are identified.
Genetic heterogeneity between isolates within a serogroup may result from a slow accumulation of random point mutations (genetic drift) or a rapid change induced in response to specific selection pressure (genetic shift or physical reassortment of genes). In the case of the Palyam serogroup viruses (Bodkin & Knudson, 1986) , the majority of the 10 genes are highly conserved, suggesting that they have diverged from a common ancestor relatively recently as compared to the Corriparta serogroup viruses. The occurence of unique genes in the Palyam serogroup may reflect the strong selection pressure(s) of the vertebrate host immune system on the surface proteins. Since the Corriparta viruses are associated primarily with mosquitoes, they may not be exposed to strong selection pressure(s) from the vertebrate immune system. Hence, they do not exhibit unique genes.
The RNA-RNA blot hybridization technique is a useful way of determining the relatedness of isolates within a serogroup and identifying the segments which exhibit sequence heterogeneity. However, the genetic relatedness of serogroup viruses as determined by blot hybridization has not been correlated with biological or functional relatedness, such as the ability of pairs of isolates to reassort genes during a mixed infection. These blot hybridization data suggest that the Corriparta serogroup isolates may be capable of segment reassortment, and experiments are in progress to correlate the hybridization data with biological reassortment.
These results also demonstrate the necessity of examining independently the genetic relatedness of each Orbivirus serogroup. The current taxonomic classification of the orbiviruses based upon serological tests, such as cross reactivity by CF, accords Orbivirus serogroups comparable taxonomic status. The assumption that each serogroup represents an equivalent taxonomic level is unwarranted. Further, this classification scheme obscures the different levels of relatedness between pairs of isolates within a serogroup.
